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ABSTRACT

The life risk for a diver in the field of commercial diving is very high due to the hazardous
working environment and complications in preparation and steps. Though many steps are
taken as safety precautions and various amounts of techniques are used for accuracy, due to
human errors and abnormal working environment commercial diving will always remain a
great life risk. Use of an ROV drastically eliminates this risk for divers and it also increases
the quality of the job that has to be done.

The following thesis is focused on developing a ROV with semi-autonomous functions as
self-depth and self-heading control. It allows the user to get better results and understanding
of the underwater environment prior to a dive. Many microcontrollers and different types
of sensors have been used to get environment data and process same in order to control the
ROV.

Keywords: Underwater Remotely Operated Vehicle (ROV), proportionalintegralderiva-
tive controller (PID), Linear-Quadratic Regulator (LQR), Underwater localization, Tran-
gulation
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CHAPTER 1

INTRODUCTION

1.1 Overview

Working underwater always pose a risk for humans. In commercial diving field every dive needs
proper preparations and its own accurate calculations. Even with the slightest mistake in preparations
or any miscalculation, the diver would undergo severe medical conditions such as decompression
sickness, pulmonary embolism, barotrauma and more. In extreme cases, a dive with faulty prepara-
tions has proven to be fatal.

Many more techniques and procedures have been implemented with the intention of reducing the
frequency of divers being exposed to these hazardous environments. Decompression diving, dive
charts, and hyperbaric chamber treatments can be considered as few improvements in the commercial
diving field.

Since as early as 1980s United States Navy has been using underwater Remotely Operated Vehicles
(ROV) to recover war equipment. ROVs have a high demand in commercial diving field. These
ROVs vary from full remotely controlled to fully autonomous. These ROVs can be used to check
environment conditions prior to a dive or to plan a dive resulting less risk for their human counterparts.

1.2 Problem Statement

Underwater robots can help us to better understanding of marine life and also can help in commercial
fields. Extensive use of most manned and unmanned remotely operated vehicles (ROVs) are limited
due to cost of the vehicle, cost of operation and operator fatigue. Use of autonomous underwater
robots (AURs) are limited to cost of the vehicle and operating complexity.

These conditions makes using an ROV very difficult and a second option. A ROV which address these
problems in the commercial diving field will be a step in the right direction. Considering reduced cost
in acquiring sensors and actuators in the last decade, A ROV shouldn’t be a second option. Using
electronic sensors and actuators a ROV can be developed with semi-autonomous capabilities.
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1.3 Objectives

The main objective of this proposal is to make an advanced underwater ROV that can work in deep
waters. It will have both manual controlling as well as autonomous capabilities.

1.3.1 Objective 1

Design a structure to house all the electronic sensors and actuators of the ROV and which is strong
enough to withstand the water pressure when operating underwater. The design also should be neu-
trally buoyant and less drag coefficient to achieve maximum maneuverability.

Design electronics and algorithms to read and drive sensors and actuators. Develop a feedback system
to perform autonomous functions. Develop a control system to control the ROV in self-heading and
self-depth operations.

1.3.2 Objective 2

ROV localization and mapping.

1.4 Limitations and Scope

The range of the ROV will depend on the range of the communicating system. For this project since
Ethernet communication is being used, the range will be limited to a theatrical value of hundred
meters. If the power is also being transmitted through a tether, the range will be further reduced de-
pending on the voltage being used to transmit and current limitation. Considering current limitations
and communication limitations, the range of the ROV will be limited to 10 meters.

The mechanical design should be able to withstand the pressure of the water where it will be operated.
Since the maximum range is limited to 10 meters, it should withstand a pressure rating around 2
to 3 bars. The mechanical design also should be neutrally buoyant in order to achieve maximum
maneuverability. To achieve that weight, the ROV should be equal to the up thrust created by the total
volume by the ROV.

The ROV will be having 4 thrusters to control in 4 DOF motions. Also it will have a depth sensor
along with a compass and gyroscope to register its motion. The thrusters will be controlled via
remote from a surface control unit. The surface control unit will be having a monitor in order to
monitor sensors such as compass and depth gauge.

The ROV will be having semi-autonomous capabilities. The autonomous functions will be the auto
depth hold and auto heading hold. To achieve these functions, data from the compass, gyroscope and
the depth gauge are being used.

2



CHAPTER 2

LITERATURE REVIEW

This study attempts to develop an underwater ROV with a PID control system which controls the ROV
in a 6DOF space. The control system will allow the ROV to maintain a given heading and depth
input.

2.1 A Brief History

In the year 1945, the Central Research Laboratories was given a project to develop a remotely operated
vehicle for the Argonne National Laboratory. The aim of the project was to handle highly radioactive
materials from a sealed chamber or a hot cell, allowing a researcher to stand normally while working.

Figure 2.1 Cutlet ROV

In 1960 the US navy funded the ”Cable-Controlled Underwater Recovery Vehicle” (CURV). This was
design and developed to perform sub-sea rescue operation and recovery projects.

Figure 2.2 Curv ROV
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2.2 Underwater Navigation

Lack of radio frequency communication methods makes it harder to locate underwater robots. Since
water absorbs large percentage of electromagnetic waves, it reduces the use of the global positioning
system (GPS) as well as high-speed under-water radio communication (?,?).

The best way to navigate underwater is using Acoustic Positioning Systems. There are many types
of Acoustic Positioning Systems. The typical way to use Acoustic Positioning Systems is to measure
distance between two Ultra sound sensing elements. (?,?).

Three primary types of acoustic positioning systems are follows.

1. Ultrashort Baseline.

2. Short Baseline.

3. Long Baseline.

4



2.2.1 Ultra Short or Super Short Baseline (USBL or SSBL)

This system measures phase difference between one acoustic transmitter and a multi-element receiver
unit. From the multi-element receiver unit, the direct distance to the transmitter can be obtained.
Comparing different receivers for the strength of the ping, the relative pitch angle and heading of the
transmitter can be obtained. (?,?)

Figure 2.3 Ultra short baseline system

The advantages of Ultra Short Baseline (USBL) positioning systems are:

• easy tool to use due to low complexity.

• can be fitted to a ship resulting low deployment time.

• Only a single receiver at the surface.

• Good range accuracy with time of flight systems

The disadvantages of Ultra Short Baseline (USBL) positioning systems are:

• complex calibration makes low repeatability and reliability.

• Absolute position accuracy varies on additional sensors - ships gyro and vertical reference unit.

5



2.2.2 Short Baseline (SBL)

Short baseline systems measure the distance and the angle to a beacon from multiple surface mounted
sensors. Distance and angle are measured from the time of arrival of the ping to each transceiver.

Any position derived from the SBL system is reference to its surface mounted transceivers and it
needs a vertical reference system such as a depth sensor. If it needs to be reference to GPS it has to
depend on an external GPS system that detects its surface mounted transceivers. (?,?)

Figure 2.4 SBL system

The advantages of Short Baseline (SBL) positioning systems are:

• Easy tool to use due to low complexity.

• Good range of accuracy with time of flight system.

• Can be fitted to a ship resulting low deployment time.

The disadvantages of Short Baseline (SBL) positioning systems are:

• System needs large area for accuracy in deep water.

• Very good dry dock calibration is needed otherwise system having low repeatability and relia-
bility.

• Absolute position accuracy varies on additional sensors such as ship’s gyro and vertical refer-
ence sensors.

6



2.2.3 Long Baseline (LBL)

Long Baseline systems measure a position with respect to a seafloor deployed array (grid) of sensors.
Since the seafloor deployed sensors can be in reference to GPS coordinates, Transmitter can be also
position in reference to GPS coordinates. Also LBL system does not require a vertical reference
system such as a depth sensor or a gyro sensor. (?,?)

Figure 2.5 LBL system

The advantages of Long Baseline (LBL) positioning systems are:

• High position accuracy regardless to water depth.

• Higher accuracy positioning over large areas.

• Small system - only one deployment machine/pole.

The disadvantages of Long Baseline (LBL) positioning systems are:

• System is more Complex requiring expert operators.

• Have more sensors than other systems making more expensive.

• Has a higher operational time due to time it takes to deployment/recovery.

• Need detailed calibration at each deployment resulting higer Operating time.

7



2.3 Dynamic Models for ROV

Dynamic model of a ROV, which is approximately three-plane symmetric, operating at low speed can
be decoupled into different degree of freedoms (DOFs). This decoupling allows robot motion in each
DOF can be controlled separately. (?,?) (?,?) (?,?)

The model structure of each degree of freedom can be expressed by equations (1) and (2).

ẍ =
−Kẋẋ−Kẋ|ẋẋ | ẋ+ ε

m
+
ιx
m

(Equation 2.1)

ẍ =  (ẋ, t) + u(t) (Equation 2.2)

where,

m : is inertia relative to the considered degree of freedom.
x : is 1D position (surge, sway, heave, roll, pitch or yaw).
Kẋ : linear drag coefficient.
Kẋ|ẋ : quadratic drag coefficient.
ιx : is applied force or torque.
ε : is disturbance.
u(t) : is control input.

2.4 Underwater depth sensing

The two most frequent technologies for deep ocean applications are depth gauge sensors and ultra
sound sonar sensors. (?,?)

Ultra sound sonar or acoustic depth sensing is being used for a long time. Not only by mankind, its
being used by many animals such as bats and marine animals such as dolphins.

The acoustic depth sensing calculates its distance to a reference point. It can only measure a relative
depth rather than an absolute value. In order to get an absolute depth value, a pressure gauge has to
be used.

8



2.4.1 There are two kinds of sonar technology

Active sonar

Active sonar uses an ultra sound transmitter and an ultra sound receiver. It uses ultra sound to deter-
mine relative positions of submerged objects or the sea bed, by submitting an ultra sound signal and
recording time it takes for the reflection.

Figure 2.6 Working Principle of active sonar

Passive sonar

Passive sonar only uses an ultra sound receiver. The system listens to determine the presence, charac-
teristics, and direction of a noise source generating underwater. This can detect biological or human
generated sounds. Since this system doesn’t emit any sound into the environment, it doesn’t disturb
the marine life. This system is also more stealth than an active sonar system.

Figure 2.7 working principle of passive sonar
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2.5 Electronic Depth Sensing

Electronic depth sensing senses pressure of the environment and converts that relative change in
pressure in to a voltage. This voltage difference can be used to calculate the depth that the sensor is
placed in. since these sensors measure absolute pressure of the water, this can be used to calculate the
absolute depth of the sensor.

The most used sensors in the field are as follows.

1. Strain gauge sensors.

2. Variable capacitance sensors.

3. Piezoelectric sensors.

2.5.1 Strain gauge Sensor

Strain gauge pressure sensors are made with metal alloys (e.g.constantan) or silicon crystal sensing el-
ements whose resistance changes linearly with total strain, mounted on an elastic pressure diaphragm
in a Wheatstone Bridge. The resolution of the sensor is around 0.1% to 0.01% of full-scale. The
absolute accuracy can be improved with better calibration. Also the accuracy might be reduced and
result in an offset error due to temperature changes in the waters.(?,?).

Figure 2.8 Inside of a strain gauge sensor
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2.5.2 Variable capacitance sensor

Variable capacitance sensor measures the capacitance between two metal plates. One of this metal
plate is partially open to the environment. Change in pressure will vary the distance between these
two metal plates resulting a change in capacity. Since the change in distance between these two metal
plates is linear to the pressure, this sensor has a lager range and a higher accuracy. Since these sensors
are sensitive to temperature, increasing in water temperature will result in an offset error.

Figure 2.9 Inside of a variable capacitance sensor

2.5.3 Piezoelectric sensor

Piezoelectric pressure sensors use electrical properties of naturally occurring crystals such as quartz.
These crystals generate an electrical charge when they are in under pressure.

Quartz crystal pressure sensors can typically attain overall accuracies of about 0.01/100 of full-scale
and overall resolution of up to about 0.0001% of full-scale i.e. a resolution of one part per million.
Attaining full accuracy requires calibration and compensation for thermal variation in gain and offset.
The computation of geodetic vehicle altitude from depth is complicated by variation (due to tide,
weather, or other factors) of the oceans free-surface. (?,?).

Figure 2.10 Inside of a piezoelectric sensor

11



2.6 Electronic Heading Sensing

An electronic compass works by reading differences in the Earth’s magnetic field. Inside the sensor
there is a Hall effect sensor. When a current is given to the Hall effect it changes the voltage. This
voltage varies with the earth’s magnetic field. This change in voltage can be measured and used to
sense the heading of the sensor.

Figure 2.11 Inside of an electronic compass sensor

12



2.7 Orientation

Innovation in the technology of depth sensing over time has resulted in new group of depth sensors
that offer larger improvement in accuracy, size, power consumption. This section reviews some of
the technologies commonly used in the field for depth sensing of underwater vehicles.(?,?)

Figure 2.12 Commonly used underwater vehicle navigation Sensors

13



CHAPTER 3

METHODOLOGY AND IMPLEMENTATION

This chapter presents the methodology used in designing the mechanical and electronic components of
the ROV. The first part of the chapter presents the mechanical design and the electronic design for the
robot. The final section of the chapter discusses the methodology used in designing the localization
system algorithms.

3.1 System Overview

The ROV has two sub systems. A control system, which has a microcontroller to navigate underwater
and perform autonomous activities.

The second system be responsible to give surrounding environment parameters to the ROV pilot.

The block diagram of control system of the ROV can be presented below.

Figure 3.1 System overview block diagram
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3.2 System Development Process

development process block diagram.png

Figure 3.2 System development process block diagram

The development process shows how the ROV developed over time. The development process has
two main processors and three sub processors.

The electronic and software of the ROV gets developed simultaneously with the mechanical design.
It allows selecting electronics and mechanical components correctly in order to keep the cost low and
reduce the time it takes to develop the ROV.

15



3.3 Technologies Selected

3.3.1 Electronics

Majority of the remotely operated vehicles in the field are guided manually. The ROV pilot will be
sending X, Y and Z inputs to the microcontroller of the ROV.

An Arduino Mega board will be used to receive inputs from the ROV pilot. The reason for selecting
this microcontroller is it has 14 PWM outputs, which is ideal to control ROV thrusters.

3.3.2 Depth sensing

For depth sensing a digital depth gauge will be used rather than conventional sonar technology. Since
sonar will measure distance reference to an object it will not be accurate. Both active and passive
sonar technologies will be using a transponder and a receiver, and therefore the range will be a limi-
tation.

Electronic depth gauges use water pressure and converts the reading in terms of water depth. This
system is accurate than using sonar sensors and it will need only one sensor to sense water depth.

Electronic depth sensors communicate with both I2C and SPI protocols, which are ideal to be con-
trolled via a microcontroller.

Figure 3.3 Depth sensor being used
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3.3.3 Digital compass

An electronic compass works by magneto-inductive technology, reading differences in the Earth’s
magnetic field. Most of the digital compasses have a gyroscope in order to correct errors and it will
also act as a sensor to measure tilt angle of the ROV.

The digital compass will have both serial and USB communications to send data to a micro-controller.
And majority of sensors will have an accuracy of 1 resolution. Since they sense tilt angels it will also
have a tilt angle accuracy of 1-degree resolution.

Figure 3.4 Compass being used

17



3.4 Mechanical Design

The Mechanical design is divided to two main parts

1. Underwater housing design

2. Underwater thruster design

3.4.1 Underwater housing design

Pressure plays a major role in the designing part when considering underwater robotics. The ROV
design has to withstand a pressure of 1bar for every 10m it descents underwater. All the electronics
including the underwater cameras should be inside a watertight housing.

Figure 3.5 Simplified housing design

Figure 3.6 Solid work of electronic housing design

18



The cylindrical housing holds the sensors and electronics needed to gather sensor data and execute
autonomous functions.

The final ROV design is as follows:

It has a main frame to attach different type of housings and thrusters. It allows the thrusters to move
along an axis parallel to their force acting axis in order to align with the center of gravity or center of
buoyancy.

Figure 3.7 Main frame design and with thrusters mounted

The final design features two housing units. The bottom one for the main electronics and the top
compartment for motor controllers and batteries. This allows to replace batteries more effectively and
replacing motor controllers for further upgrade.

19



Figure 3.8 Final ROV solidwork design

Figure 3.9 Final ROV physical ROV model

For the final model more weight has been added to make the ROV neutrally buoyant. Furthermore,
the weight has added to four corners in order to balance the pitch and roll angles respectively.

20



3.4.2 Underwater thrusters

Four underwater thrusters are being used to navigate the ROV. Two thrusters are controlling both
forward and turning motions and the other two are controlling ascents and descents. All the thrusters
will be controlled through a motor controller by a microcontroller.

Thruster Specifications

Maximum forward thrust = 35 N
Maximum reverse thrust = 30 N
Rotational speed = 300 - 3800 rev/min

Operating voltage = 12V
Maximum current = 25 Amps
Maximum power = 350 Watt

Figure 3.10 Voltage vs thrust
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Thrusters were designed using SOLIDWORKS and made using 3D printing.3D printing allows ex-
periment with different models and replacing parts more cost effective.

The exact parameters used to design the thrusters are as follows.

Figure 3.11 Thruster dimensions

Figure 3.12 Propeller guard design
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Figure 3.13 Propeller design

When designing and 3D printing the propeller, the density of the component has to be in a higher
number than the other parts of the thruster. The propeller experiences more forces when operating
underwater then the other parts.

A two blade design and a three blade design has been tested and found that three blade design is more
suitable for the thruster. Three blade design allows motors to work under less rpm values resulting
less heat generate in the motor controllers and wires.

Figure 3.14 Complete thruster

The thruster is mounted to the railing frame rather than to the housing directly. This allows to move
the thruster along the railing and change the torque they generate when turning left and right.
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Figure 3.15 ROV top view

The upward facing thrusters also can be moved along the railing. This allows to align the thrusters
with the center of gravity. If the thrusters are not aligned with the center of gravity, the ROV will
pitch up and down when thrusters are in operation.

Figure 3.16 Pitch down arrangement

If the thruster is placed behind the center of gravity the ROV will pitch down.

Figure 3.17 Pitch up arrangement

If the thruster is placed behind the center of gravity the ROV will pitch up

Figure 3.18 Pitch neutral arrangement

If the thruster is aligned with the center of gravity the ROV will go up or down without pitching up
or down.

24



3.5 Electronics Design

Inside the ROV there are two microcontrollers to control following controls

1. Read sensor values and sending values for the surface control unit.

2. Receive surface commands and preform autonomous

Figure 3.19 Electronics arrangement

Inside the cylindrical compartment lays two microcontrollers for reading sensors and executing motor
commands.
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3.5.1 Sensor reading unit

Figure 3.20 Sensor reader unit block diagram

Figure 3.21 Sensor reader unit

The sensor reader unit has three sensors connected through a custom shield. A compass to sense
heading and gyroscope sensor to sense the roll and pitch values and a depth sensor to sense the depth
value of the ROV.

Figure 3.22 Sensor reader unit connections and communications
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3.5.2 Motor driver unit

Figure 3.23 Motor driver connections and communications

Figure 3.24 Motor drivers

The motor drive unit is responsible for executing PID commands and send required PWM values to
the motor controllers to control the thrusters. Also when operating in manual mode, it will receive
commands from the surface control unit and drive the thrusters accordingly.

27



3.5.3 Surface control unit

Outside the ROV there is a surface control unit to give command to ROV and a live data feedback.

The surface control unit has two functions.

1. Display depth and heading values for manual control

2. Manually drive ROV and turn on and off autonomous functions

Depth and heading display system.

The communication system of the value display system is as follows.

The microcontroller inside the ROV will gather the sensor data and send it via Ethernet tether. Then
that data will be decoded on the surface controller microcontroller and will display in a LCD display.

Figure 3.25 Communication system and display system units
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Manual drive system

In order to control the ROV manually two joysticks have been used. One joystick will control the
forward, reverse, left and right actions. The other joystick controls the ascend and descend of the
ROV.

The microcontroller will gather the data from two joysticks and send those values via the Ethernet
tether. The controller inside the ROV will decode the values and drive the thrusters accordingly.

Figure 3.26 Communication system and joysticks unit
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3.5.4 ROV communication and control system

Figure 3.27 ROV communication and control system block diagram

The above picture shows the simplified diagram if the full communication and control system of the
ROV

Two Ethernet switchers one placed inside the ROV and one on the surface control unit connect the
two systems. Also the camera feed is being send via the Ethernet protocol.

In order to preform depth and heading PID controls, the motor control microcontroller need a sensor
feedback. The both reading of depth and heading sensor is being sent to the motor control board via
serial communication.

30



3.6 Underwater Localization

In order to locate the underwater robot an acoustic measurement system can be implemented.

The system consists of four ultrasound sensors. Three sensors will work in receiver mode and one
will be working on the transmitter mode.

• The transmitter will be mounted on top of the ROV.

• Three sensors will be on the surface of the water in an equilateral triangle.

Figure 3.28 Ultrasound sensor placement top view

Figure 3.29 Ultrasound sensor placement side view
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This model can be equal to a mathematical model that intersect three spheres.

Figure 3.30 Intersection of three spheres

(x− x1)2 + (y − y1)2 + (z − z1)2 = a2

(x− x2)2 + (y − y2)2 + (z − z2)2 = b2

(x− x3)2 + (y − y3)2 + (z − z3)2 = c2

• x1 y1 z1 will be the coordinates of the first receiver.

• x2 y2 z2 will be the coordinates of the second receiver.

• x3 y3 z3 will be the coordinates of the third receiver.

• z1 z2 z3 will be 0 since all the receivers are in the same depth which is the surface of the
water.

• The distances from transmitters to receiver are respectively a,b and c.

• Z will be the depth of the robot. The only coordinates to find will be x and y.
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Figure 3.31 Intersection of three circles

We start with the equations for the three spheres:

a2 = x2 + y2 + z2

b2 = (x− d)2 + y2 + z2

c2 = (x− i)2 + (y − j)2 + z2

• d is the x coordinate of point P2. You have to subtract it from x to get the length of the base
of the triangle between the intersection and b (x, y, z are coordinates, not lengths).

• We need to find a point located at (x, y, z) that satisfies all three equations.

• We need to use a and b to eliminate y and z from the equation and solve for x:

x =
a2 − b2 + d2

2d

Assuming that the first two spheres intersect in more than one point, that is that

d− a < b < d+ a

y = ±
√
(a2 − x2 − z2)
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CHAPTER 4

SIMULATION AND EXPERIMENT RESULTS

This chapter consists of testing the ROV platform, both using PID and LQR control systems. First
the testing was done for the Z axis and then for the Yaw axis. Transfer functions and state space
equations were obtained from them. The state space equations were used to simulate the both LQR
and PID systems. In order to test the simulated results, many experiments were conducted and tuned
the system to balance the ROV in both Z axis and Yaw axis.

4.1 Transfer Function and State Space Calculations for Depth Control

First objective is to control the depth of the ROV. In order to simulate the system, transfer function
are state space equations are needed.

The transfer function and the state space equations are as follows:

Figure 4.1 Vertical forces acting on the ROV body

Up = Upthrust
F = Force
m = Mass

mg = weight
Fd = Dragforce

Up + F −mg − Fd = mẍ (Eq. 4.1.1)
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F − Fd = mẍ (Eq. 4.1.2)

To calculate thrust from a given voltage, we need the relationship between voltage and thrust gener-
ated. The drag of the ROV varies with its velocity. we need to find the relation between drag and
velocity.

Kv = 0.79 - voltage to thrust ratio
Cd = 73.5 - Drag constant

Fd = Cdẋ
2 (Eq. 4.1.3)

KvV − Cdẋ = mẍ (Eq. 4.1.4)

The states for the system as follows:

x = X1 (Eq. 4.1.5)

ẋ = X2 (Eq. 4.1.6)

V = U1 (Eq. 4.1.7)

KvU1− CdX2 = mẊ2 (Eq. 4.1.8)

Ẋ2 =
Kv

m
U1 −

Cd

m
X2 (Eq. 4.1.9)

Ẋ2 = 0X1 −
Cd

m
X2 +

Kv

m
U1 (Eq. 4.1.10)

Ẋ1 = X2 (Eq. 4.1.11)

Ẋ1 = 0X1 + 1X2 + 0U1 (Eq. 4.1.12)

From equation (4.1.10) and (4.1.12)
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[
Ẋ1

Ẋ2

]
=

[
0 1

1 −Cd
m

] [
X1

X2

]
+

[
0
Kv
m

] [
U1

]
(Eq. 4.1.13)

Y = X (Eq. 4.1.14)

Y = X1 (Eq. 4.1.15)

Y = 1X1 + 0X2 + 0U1 (Eq. 4.1.16)

[
Y
]
=

[
0 1

] [X1

X2

]
+
[
0
] [
U1

]
(Eq. 4.1.17)

From equation (4.1.13) and (4.1.17)

A =

[
0 1

0 −Cd
m

]
(Eq. 4.1.18)

A =

[
0 1
0 −3.6

]

B =

[
0
Kv
m

]
(Eq. 4.1.19)

B =

[
0

0.04

]

C =
[
1 0

]
(Eq. 4.1.20)

D =
[
0
]

(Eq. 4.1.21)

From above state space equations, we can run a simulation to test the stability of the system and
needed parameters to experimentally control the system.
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4.2 Depth Simulation

The set point of the depth experiment has set as 1m.

The simulated results show the relative change from the set point.

The following graph shows the relative distance from the set point when a disturbance is given to the
uncontrolled system.

Figure 4.2 Disturbance response of the uncontrolled system
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In order to control the system, LQR control system was implemented from the above state space
equations.

The following graph shows the relative distance from the set point when a disturbance is given to the
LQR controlled system.

The Q matrix is as follows

Q =

[
100 0
0 1

]
(Eq. 4.2.1)

R = 1 (Eq. 4.2.2)

Figure 4.3 Disturbance response of the LQR controlled system
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A second PID system was implemented to compare the two control systems and find which control
system suites better for the ROV.

The following graph shows the relative distance from the set point when a disturbance is given to the
PID controlled system.

The PID values are follows:

Kp = 1

Ki = 0

Kd = 0.1

Figure 4.4 Disturbance response of the PID system
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4.3 Experiment on PID control

The simulated values are then tested on the ROV to control it in Z axis.

For further optimization of the ROV, the PID values are changed.

Experiment values and their results are as follows:

The set point for the experiment has set at 1m depth similar to the simulated variables. Different Kp

,Ki ,Kd values were tested and examined the results.

The first experiment shows the results for a P controller resulting an oscillation.

Kp = 1

Ki = 0

Kd = 0

Figure 4.5 Balancing at 1m depth with P controller
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Figure 4.6 PID output of the P controller
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The second experiment shows the results for a PD controller resulting a less oscillation and controlling
the ROV within the given marginal set point.

Kp = 1

Ki = 0

Kd = 0.1

Figure 4.7 Balancing at 1m depth with PD controller

Figure 4.8 PID output of the PD controller
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4.4 Transfer Function and State Space Calculations

The second objective is to control the heading of the ROV. For this the transfer function and the state
space equations are needed.

Figure 4.9 Angular forces acting on the ROV body

L1 = Distance between thrusters
F = Thrust from the thrustrs
L2 = Distance to center of drag

Fd = drag
I = Inertia

L1F − L2Fd = I (Eq. 4.4.1)

K2UC2ω = Iω̇ (Eq. 4.4.2)

K2 = 0.21 voltage to thrust ratio
C2 = 9.69 Drag constant

I = 1.1
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the states for the System as follows:

θ = X1 (Eq. 4.4.3)

θ̇ = = X2 (Eq. 4.4.4)

U = U1 (Eq. 4.4.5)

K2U1 − C2X2 = IẊ2 (Eq. 4.4.6)

Ẋ2 =
C2

I
X2 +

K2

I
U1 (Eq. 4.4.7)

Ẋ2 = 0X1 −
C2

I
X2 +

K2

I
U1 (Eq. 4.4.8)

Ẋ1 = X2 (Eq. 4.4.9)

Ẋ2 = 0X1 + 1X2 + 0U1 (Eq. 4.4.10)

From equation (4.4.8) and (4.4.10)

[
Ẋ1

Ẋ2

]
=

[
0 1

0 C2
I

] [
X1

X2

]
+

[
0
K2
I

] [
U1

]
(Eq. 4.4.11)

Y = θ (Eq. 4.4.12)

Y = X1 (Eq. 4.4.13)

Y = 1X1 + 0X2 + 0U1 (Eq. 4.4.14)

[
Y
]
=

[
1 0

] [X1

X2

]
+
[
0
] [
U1

]
(Eq. 4.4.15)
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From equation (4.4.11) and (4.4.15)

A =

[
0 1

0 C2
I

]
(Eq. 4.4.16)

A =

[
0 1
0 −8.8

]

B =

[
0
K2
I

]
(Eq. 4.4.17)

B =

[
0

0.19

]

C =
[
1 0

]
(Eq. 4.4.18)

D =
[
0
]

(Eq. 4.4.19)

45



4.5 Heading Simulation

From above state space equations, we can run a simulation to test the stability of the system and
needed parameters to experimentally control the system.

The set point of the depth experiment has set as 180 degrees.

The simulated results show the relative change from the set point. In the following graph shows the
relative distance from the set point when a disturbance is given to the uncontrolled system.

Figure 4.10 Disturbance response of the uncontrolled system
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In order to control the system, LQR control system was implemented from the above state space
equations.

The following graph shows the relative distance from the set point when a disturbance is given to the
LQR controlled system.

The Q matrix is as follows:

Q =

[
10 0
0 1

]
(Eq. 4.5.1)

R = 1 (Eq. 4.5.2)

Figure 4.11 Disturbance response of the LQR controlled system
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The graph below shows the response of an impulse for the PID controlled system.

The PID values are follows:

Kp = 1

Ki = 0

Kd = 0.1

Figure 4.12 Disturbance response of the PID controlled system
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4.6 Experiment on PID control

The simulated values were tested on the ROV to control it in heading.

The set point for the experiment has set at 180 degrees similar to the simulated variables. Different
Kp ,Ki ,Kd values were tested and examined the results.

The first experiment shows the results for a P controller resulting an oscillation.

An external disturbance force was given to the system in order to observe the time it takes to come
back to set point.

Kp = 2

Ki = 0

Kd = 0

Figure 4.13 Balancing at 180 degree heading with P controller
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Figure 4.14 PID output of the P controller
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In order to reduce the oscillation, a PD controller was used. left and right disturbances were given to
see how long and how well the system comes back to the set point.

Kp = 2

Ki = 0

Kd = 0.5

Figure 4.15 Balancing at 180 degree heading with PD controller

Figure 4.16 PID output of the PD controller
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4.7 Heading and Depth PID

After balancing the ROV in Z axis and Yaw axis independently. more tests were carried out to balance
the system in Z axis and Yaw axis simultaneously.

4.7.1 Z axis PID results

This shows balancing the system in Z axis while the Yaw axis maintains at its set point.

One disturbance force is given to see how long it takes to balance the system.

Set point 1m

Kp = 0.9

Ki = 0

Kd = 0.2

Figure 4.17 Depth disturbance response when balancing depth controlling

52



Figure 4.18 PID output of the depth controller
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4.7.2 Yaw axis PID results

This shows balancing the system in Yaw axis while the Z axis maintains at its set point.

Two left side disturbance and two right side disturbance forces were given to see how long it takes to
balance the system.

Set point 180 degree:

Kp = 1.5

Ki = 0

Kd = 0.5

Figure 4.19 Heading disturbance response when balancing heading
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Figure 4.20 PID output of the heading controller
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4.8 Experiment Model and Results on Localization

This shows the model of the system that can be used to locate the ROV underwater. Three receivers
located 1m above the transmitter. Also they arrange in an equilateral triangle.

Figure 4.21 Experiment model

The distance to each receiver from the transmitter is calculated and filtered using a low pass filter.
Then calculated the X and Y positions. The calculated X and Y then plot in and XY plot in order to
visualize the movement of the transmitter mounted on the ROV.

Figure 4.22 XY plot results

56



CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

ROV model is designed and developed to the required parameters to work underwater and the thruster
is designed and developed to drive the ROV according to the given commands. Mathematical model
is derived from transfer functions in order to develop a control system.

The system then linearizes around Z axis and yaw motion. After this the PID and LQR controllers
were implemented to balance the ROV in a given depth and given heading value.

While the PID and LQR systems were controlling the ROV, disturbances were given to test the sta-
bility. First each Z axis and yaw axis were balanced separately, then both axis were controlled simul-
taneously.

5.2 Recommendations

The overall volume of the ROV effects on its buoyancy. In order to keep the weight light as possible,
the housing units need to be more compact. Reduced weight will reduce the momentum of the ROV
and will increase battery life of the robot and will reduce the time it takes to balance the system.

The localization system can be implemented to the ROV with suitable underwater ultrasound sensors.
If this system is implemented and can locate the actual ROV in water, then that can be used as a
feedback and control the ROV in X and Y directions.
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